O ne concern about the fixation of HA-coated implants is the possible disintegration of the surface, with the migration of HA granules into the joint space, producing third-body wear.
Hydroxyapatite (HA) coating of prostheses has become popular during the last decade, and the mid-term results have been generally good. [1] [2] [3] [4] [5] [6] [7] One major concern has been the release of HA from the surface of the endoprosthesis. [8] [9] [10] [11] [12] Bauer et al 13, 14 describes four modes of disintegration of HA coatings: 1) osteoclastic resorption during bone remodelling; 2) chemical dissolution at a neutral pH; 3) delamination due to bond failure; and 4) mechanical abrasion because of lack of primary stability.
The importance of each mode will vary considerably with the purity of the HA itself, the manufacturing and crystallinity, the substrate on which it is deposited and on the method of coating.
In January 1983, the first HA-coated polyethylene socket was implanted by one of the authors (EWM). The HA coating seemed to provide an improvement in early histological and radiological results, but there was concern about the loss of HA granules from the coating. 11 We have therefore tried to assess the long-term results of the HA coating of these polyethylene acetabular cups in terms of third-body wear caused by HA debris.
Patients and Methods
From 1983 to 1987, we implanted a total of 460 HA-coated non-cemented polyethylene RM cups (Robert Mathys, Bettlach, Switzerland). A total of 24 total hip replacements (THR) (5.2%) has been revised up to 15 years postoperatively: 1 for infection, 1 for dislocation, 12 for aseptic loosening and 10 for severe osteolysis of the proximal femur and acetabulum. The femoral heads are of cobaltchrome alloy. The RM cup is made of ultra-high-molecularweight polyethylene (UHMWP) with an inner diameter of 32 mm. It is coated by hot-pressing HA granules with grain sizes of 125 to 250 m. The HA coating (CEROS) has a thickness of up to 300 m. After reaming the acetabulum, the cup is inserted 'line-to-line' and fixed to the acetabulum with either metal screws or special dowels, made at that time from polyacetal. 15, 16 Six acetabular cups and femoral components which had been revised for severe osteolysis between January 1994 and February 1996 at 9 to 14 years after implantation (Table I) were studied by SEM of the cups, heads and excised soft tissue. The cups were cut into triangular segments 20 mm in length, each including both loaded and unloaded areas. Two inner surfaces and one outer surface were studied after mounting on metal specimen stubs and coating with electrically-conductive silver paint and a thin layer of carbon. Some femoral heads were cut into hemispheres with a diamond saw, and some were studied whole after mounting.
Granulomatous tissue from each revision was stored in formalin before the SEM analysis. The fixed samples were additionally fixed with glutaraldehyde (1%) before dehydration through increasing concentrations of ethanol, critical point drying, and coating with a thin layer of carbon.
Secondary electron images of all specimens were obtained by field-emission SEM (Model S-800, Hitachi Ltd, Tokyo, Japan) at 15 kV for the cup specimens and 30 kV for the femoral heads. In addition, we performed energy-dispersive X-ray microanalysis of the same locations using either a Philips 515 or a Jeol 6300 analytic SEM machine equipped with an EDX attachment (Tracor).
Results
In all six cases, the granulomatous tissue around the joint showed black staining due to wear of the metal femoral head. Despite the massive radiological osteolysis in the proximal femur, all the femoral stems appeared to be well fixed (Table I ; Figs 1 and 2). All six femoral heads showed definite scratches and were replaced either by new modular heads (2), or, for monobloc endoprostheses, by revision of the whole stem (4). All six acetabula had shown cystic osteolysis especially inferomedially and superolaterally. Despite this, two cups were still firmly fixed to acetabular bone over about one-third of their circumference. In these two cases, the osteolytic defects were filled with cancellous bone allograft.
SEM examination of unimplemented UHMWP cups commonly showed a specific pattern of grooves on both the inner and the outer surfaces superimposed on the parallel grooves resulting from the manufacturing process (Fig. 3a) . The EDX analysis of the articulating surfaces showed spectra typical for C and O (Fig. 3b) , the two major elements present in polyethylene, and for the carbon coating applied to the surfaces. These micrographs of the articulating surface also showed distinct granules or islands, with an average diameter of 10 to 150 m. They appeared to be embedded within the inner surface of the cup and were abraded on the side facing the femoral head. The machining grooves usually seen on the surface of unimplanted cups (Fig. 3a) had been replaced by randomlooking scratch patterns on the articulating surface (Figs 4a and 4b). It was evident that HA particles caught between the articulating surfaces had become immobilised and remained as granules or islands.
The outer surface of the revised cups had disintegrated to some extent, but also showed island-like granules with an average diameter of 100 to 200 m (Fig. 4c) , embedded within cavities in the UHMWP surface. The granules embedded in both the inner and outer surfaces of the cups were shown by EDX to contain Ca and P (Fig. 4d) , the two major elements of HA, together with C and O from the polyethylene and the carbon coating. The EDX analysis of granulomatous tissue from one patient showed the presence of Na, P, S, K, Ca, Cr and Co (data not shown), probably representing wear debris from the femoral head. Fig. 1 Case 5. The left hip of a 58-year-old woman, ten years after a THR using a PCA stem and an HA-coated RM cup, fixed with two pegs and two polyacetal dowels. There is wear of the cup and severe osteolysis of the proximal femur and the superolateral acetabulum. Both the cup and stem remained well fixed.
The explanted femoral heads showed fine scratches in a random orientation which differed little from one patient to another. Only two showed relatively deep scratches (Fig.  5) . EDX analysis of the surfaces of the femoral head showed Cr, Co, Si and Mo, corresponding to the major elements of the metal alloy (data not shown).
Discussion
The short-and mid-term clinical and radiological outcome of the use of HA-coated UHMWP cups was excellent, with survivorship analysis to 14 years showing much better results than for non-coated identical cups 17, 18 both clinically 19 and for cup migration. 17, 20 Despite this, hips which needed revision for aseptic loosening or pain or both, all showed substantial acetabular wear, with severe osteolysis especially in the proximal femur. Histological studies on retrieved HA-coated RM cups from THRs performed early in our experience (1982 to 1987) had shown good integration of bone to HA coating, but in many instances there had been delamination of the coating from the polyethylene surface. This finding resul- Case 6. Pelvic radiographs of a 65-year-old man, five years after THR using a PCA stem and an HA-coated RM cup on the left, and 4.5 years after THR using a PCA stem and a SULMESH coated press-fit cup on the right (a). At ten years (b) there is progression of severe osteolysis of the proximal femur and superolateral acetabulum, with obvious wear. Both components were stable clinically and at revision. ted in the discontinuation of further use of these cups. The adhesive strength of the HA coating to the substrate is important, 21, 22 as is the thickness of the coating. The HA coating (CEROS) of the RM cup had a thickness of up to 300 m, but the anchorage to each other of single particles in the polyethylene is doubtful and not directly comparable with that of sprayed coatings. There is no doubt that this thickness on a weak substrate is more at risk of abrasion than a coating of less thickness applied to metal. The mechanical resistance under shear had been reported to reach 20 MPa. [23] [24] [25] HA debris detached from implant surfaces can readily migrate into the joint. The mechanism is obvious when the cup has loosened as in our cases 1 to 4 (Table I ). In cases 5 and 6, however, with gross abrasive wear of the articulating surface, the cup had remained well fixed to the extent that some bony tissue remained attached to its surface. This bone was stained by metal particles, proving that particle migration occurs in both directions between the outer cup surface and the articulation. We also found that particles from both surfaces had migrated into the femoral interface between the non-cemented stem and the proximal femur. Particles of polyethylene, HA and metal were seen in granulomatous tissue from this interface.
An additional concern is the wider spread of particles; Bauer et al 13 occasionally found HA ceramic particles within macrophages in bone marrow adjacent to HA-coated femoral stems. If particles can migrate through bone marrow then the postulated 'sealing-off' produced by a fully osseointegrated implant may be a false hope. Bloebaum et al 8, 9, 26 reporting osteolysis in five patients with fixed HAcoated stems, used SEM imaging with back scattering and elemental analyses by EDX to show HA particles within polyethylene inserts. Campbell et al 27 also described wear particles originating from an HA-coated hip prosthesis. The HA coating of metal femoral prostheses is quite different from that of the polyethylene RM cup, but these findings support the hypothesis that delamination and third-body wear may occur more generally. This concern has been considered to be theoretical and of little clinical relevance by some orthopaedic surgeons. 28 Bauer et al 29 compared
third-body wear in retrieved HA-coated porous and cemented femoral components, and considered that this may be more common than suspected and not limited to HA-coated devices. The femoral heads with HA-coated stems which they studied had been implanted for from under one month to only 22 months, and our six patients with massive osteolysis related to third-body wear had their severe problems only after 9 years. The findings which we report, together with our clinical experience of HA coating, make us consider that this is not always advantageous. The well-recognised short-term advantages of improved bony ingrowth and ongrowth may ultimately be overtaken by detrimental sequelae. We suggest that HA-coated implants should continue to be monitored closely on radiographs for abrasive wear leading to migration of the femoral head and for osteolysis around both the acetabular and femoral components. As shown in our cases, follow-up for over ten years is needed to provide proof of long-term success or failure. In contrast to conventional cemented implants and because of residual but local fixation, there may be no early clinical or radiological signs of the late onset of osteolysis and aseptic loosening of HAcoated implants.
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